AlGaN/GaN heterostructure Schottky diodes with ZnO nanorod functionalization are shown to be capable of detecting NH 3 balanced with air at a concentration of ∼0.3 ppm at 25 • C and ∼0.1ppm at 300 • C. The diodes show reproducible current response to repeated cycling of the NH 3 exposure at all temperatures in this range. The diode current at fixed voltage decreased upon exposure to the NH 3 , which is opposite to what occurs with exposure to hydrogen. This suggests the detection mechanism involves reaction of ammonia with oxygen species on the ZnO nanorods, increasing the negative charge on the interface with AlGaN. The detection sensitivity displayed an activation energy of 0.071 eV and increased monotonically with ammonia concentration at all temperatures, from 3.36% (25 • C) to 12.59% (300 • C) for 2 ppm at a voltage of 5 V. The diodes could detect ammonia for either polarity applied bias. The absolute current change and sensitivity upon exposure to ammonia increased with measurement temperature. There are many applications where sensitive detection and monitoring of ammonia (NH 3 ) emissions from cars, refrigeration equipment and agricultural systems is needed.
There are many applications where sensitive detection and monitoring of ammonia (NH 3 ) emissions from cars, refrigeration equipment and agricultural systems is needed. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] One of the biggest applications is in monitoring emissions of nitrogen oxides (NO x ) during the selective catalytic reduction (SCR) process 1, 2, 6, 7, 9 in which ammonia is injected to react with NO x in the presence of a vanadium catalyst to produce nitrogen and water vapor. This mitigates the amount of NO x released into the atmosphere and reduces the pollution effects (smog and acid rain) associated with these species. This process is one of the most efficient methods (almost 95% removal of the nitrogen oxides) for reducing industrial emissions from boilers, chemical plants, refineries, gasoline and diesel engines and turbines in the power industry. 1, 2, 6, 7, 12 The successful implantation of the SCR process depends on having sensitive ammonia detectors to monitor leaks and slipover of the ammonia. 5, 7, 13 Ammonia is a colorless gas which at sufficient concentrations causes a severe life-threatening irritation to the respiratory tract of humans.
The most common ammonia sensors are based on metal oxides such as ZnO, TiO 2 , CuO, SnO 2 , In 2 O 3 and WO 3 , either in thin film or nanostructured form. Typical sensitivities of these metal oxide sensors are 2-90 for 1-30 ppm of NH 3 for temperatures of 25-300
• C. 1, 10 Even higher temperature detection capability may be needed for NH 3 detection, since emission of this gas is mostly related to combustion processes where temperatures may be >500
• C. The specific detection of NH 3 in combustion and exhaust gases at these high temperatures therefore requires sensors with high selectivity to NO 2 . 30 AlGaN/GaN high electron mobility transistors (HEMTs) and Schottky diode sensors can also provide an attractive platform for gas sensing. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] When functionalized with either Pt 35, 39, 40 or ZnO nanorods 42 in the gate region, these structures are capable of ammonia detection at low concentrations (0.1-2 ppm) in the temperature range 25-300
• C for oxide functionalization 42 and up to 600
• C with Pt functionalization. 35, 39, 40 These are typically targeted at automotive applications in response to increasingly strict emission standards.
The ZnO-functionalized HEMT sensors were completely selective at 25
• C for 2 ppm NH 3 over O 2 , CO 2 , CO, CH 4 , and NO 2 under the same detection conditions as used for the NH 3 . Halfaya et al. 35 used a Pt catalyst layer in the gate region for NO, NO 2 and NH 3 exhaust gas sensors for automotive antipollution systems. Using an optimized design allowed for one sensor to detect all three target gases with acceptable sensitivity. 35 The sensitivity of the sensors was optimized at 600
• C, with measured sensitivities to 900 ppm NO, 900 ppm NO 2 and 15 ppm NH 3 of 24%, 38.5% and 33%, respectively, at this temperature. 35 The response times were of the order of 1 min. for all three gases. 35 The inherent high temperature operating capability and chemical stability of these wide bandgap nitride materials make them potential candidates for real-time anti-pollution systems. Chen et al. 40 demonstrated maximum sensing response of 13.1 and 182.7, respectively, for 35 and 10, 000 ppm NH 3 /air gases using a Pt-AlGaN/GaN HEMT sensor at 150
• C. Bishop et al. 41 used BGaN/ GaN superlattices and Pt contacts to selectively detect NO 2 against NH 3 for concentrations from 4.5 to 450 ppm with current responsivity of 6.7 mA/(cm 2 × ppm) at 250
• C with a response time of 5 s.
In this paper, we demonstrate that Schottky diodes based on AlGaN/GaN heterostructures and functionalized with ZnO nanorods on the rectifying contact area are also capable of ammonia detection in the range 0.1-2 ppm over the temperature range 25-300
• C. The concentration and temperature dependence of NH 3 detection sensitivities of ZnO nanorod functionalized AlGaN/GaN Schottky diodes in air backgrounds were measured. The use of the diode structure simplifies the sensor fabrication compared to a HEMT, and we show that the absolute current change upon ammonia exposure increase with measurement temperature.
Experimental
The AlGaN/GaN heterostructure layer was grown on c-plane sapphire substrate by metal organic chemical vapor deposition (MOCVD). The layer structure included an initial 2 μm thick undoped c-plane GaN buffer followed by a 25 nm thick unintentionally doped Al 0.25 Ga 0.75 N layer. Ohmic contacts on the front face were formed by photoresist lift-off process of e-beam evaporated Ti/Al/Ni/Au (25/125/45/100 nm) subsequently annealed at 850
• C for 45 s under a flowing N 2 ambient in a Heatpulse 610T rapid thermal process system. 44, 45 A 200 nm thick plasma-enhanced chemical vapor deposited (PECVD) silicon nitride layer was used for surface passivation. 33, 34 Gate area and window region to interconnection pad were patterned by conventional photolithography and etched by buffered oxide etchant for the subsequent ZnO nanorod growth on AlGaN surface and electrical probing of the device. The Schottky contact region of the sensor was functionalized with ZnO nanorods for NH 3 sensing. 42, [44] [45] [46] The ZnO nanorod growth started with preparation of the nano-crystal seeds. The ZnO nano-crystal seed solution was mixed by slowly adding 30 mM NaOH (Sigma-Aldrich) in methanol to a 10 mM zinc acetate dihydrate (Zn(O 2 CCH 3 ) 2 · 2H 2 O, Sigma-Aldrich) solution at 60
• C over 2 hour period. The ZnO nanocrystal seed solution was spun onto the active region of the diode, and the sample was heated at 300
• C on a hot plate for 30 minutes in air. The nano-crystalline seed coated diodes were then immersed in an aqueous mixture of 20 mM zinc nitrate hexahydrate (Zn(NO 3 ) 2 · 6H 2 O, Sigma-Aldrich) and 20 mM hexamethylenetetramine (C 6 H 12 N 4 , Sigma-Aldrich) and put in the oven at 94
• C for 3 hours for the ZnO nanorod growth. After the nanorod growth, the device was removed from the solution, thoroughly rinsed with deionized water to remove any residual salts, and dried with nitrogen gas. Photoresist was used to pattern the gate area, and dilute HCl solution (1:10 in HCl to H 2 O volume ratio) was used to etch off the rest of ZnO nanorods around the gate region. 44, 45 Interconnection contacts were formed by the lift-off of e-beam deposited Ti/Au (20/100 nm). A schematic of the final diode sensor is shown in Figure 1 .
The completed diodes were exposed to controlled concentrations of NH 3 balanced with synthetic air in a test chamber in which mass flow controllers controlled the gas flow rate and injection time. The sensors were mounted on a probe stage in the chamber with electrical feed-throughs connected to an Agilent 4155C parameter analyzer. [47] [48] [49] The devices were exposed to NH 3 concentrations of 0.1-2 ppm at temperatures from 25 to 300
• C. The current-voltage (I-V) characteristics were measured for cycled exposures to different concentrations of the gas at different temperatures. Figure 2a shows the response of the ZnO nanorod-functionalized diodes to sequential 20 s exposures to 2 ppm humid NH 3 in dry air at 25
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• C, followed by a return to dry air ambient. The applied bias on the diode was 5 V. The same data is shown for exposure at 300
• C in Figure  2b . Note that the current decreases upon exposure to the ammonia in both cases and the response is larger at higher temperature. The sensitivity of the sensors is defined as
I air × 100%, where I air is the current under an air ambient, and I N H3 is the current under the various concentrations of ammonia. 42 As shown in Figure 2c , the sensitivity for 2 ppm detection increased from 3.36% at 25
• C to 12.59% at 300
• C. The response time was defined as the time required to reach 90% of saturated current after 2 ppm ammonia exposure, and the recovery time was defined as the time required to reach 10% of the saturated current after refreshing air exposure. Response times for 2 ppm ammonia exposures at the temperature range of 25-300
• C were ∼10 s, while the recovery times depended on temperature. The recovery times for 2 ppm ammonia were ∼65 and ∼10 s for 25 and 300
• C, respectively, which are similar to the previously measured ZnO nanorod AlGaN/GaN HEMT sensors. 42 Figure 3 shows similar time response data for exposure of the sensors to different concentrations (0.1-2 ppm) of humid NH 3 in dry air at either (a) 25
• C or (b) 300
• C. At 25
• C, the minimum reliable detection was for a concentration of ∼0.3 ppm, while at 300
• C, it was possible to detect 0.1 ppm reproducibly. Note that the diode current reverts to a stable level after each repeated exposure, indicating that the ZnO nanorods provide a reproducible platform for transfer of charge from the reaction of the adsorbed gas species to the AlGaN/GaN diode. Figure 4 shows the diode I-V characteristics at four different temperatures (25, 100, 200 and 300
• C) in either air or 2 ppm NH 3 . This again shows the diode current decreases upon exposure to ammonia, which is opposite to the change when detecting reducing gases like hydrogen. 33, 34, 39, 40 For hydrogen detection, we observe the detection mechanism involves an increase in positive charge at the heterointerface that creates the two-dimensional electron gas (2DEG). 33, 34, [38] [39] [40] The charges in the 2DEG at the AlGaN/GaN interface are induced by spontaneous and piezoelectric polarization, which are balanced with positive charges on the surface. The induced sheet carrier concentra- 
where ε 0 is the electric permittivity, ε(x) is the relative permittivity, x is the Al mole fraction of Al x Ga 1-x N, d d is the AlGaN layer thickness, e b is the Schottky barrier of the gate contact on AlGaN, E F is the Fermi level and Ec is the conduction band discontinuity between AlGaN and GaN. Therefore, the sheet charge density in the 2D channel of AlGaN/GaN structure is extremely sensitive to its ambient. The adsorption of polar molecules on the surface of AlGaN affects the surface potential and resulting device characteristics. In the case of hydrogen adsorption on a catalytic Schottky metal like Pt, in the gate region, the subsequent decomposition of the hydrogen molecules to atomic hydrogen leads to a change in the effective positive gate surface charges (smaller barrier height, e b ), thereby enhancing the 2DEG density and increasing diode current. 33, [38] [39] [40] In the present case of NH 3 detection, the 2DEG current decreases upon exposure to the gas, suggesting that there is an increase in negative charge at the heterointerface. The mechanism of ammonia reacting with the ZnO nanorods may involve adsorption of oxygen that is reduced by electrons in the n-type ZnO, 7 leading to the reaction 2NH 3 + 3O 42 The ZnO nanorods always exhibit n-type conductivity related to oxygen vacancies, and therefore can significantly enhance oxygen molecular adsorption. 7 The oxygen species react with the ammonia to return more electrons to the ZnO surface, resulting in an abrupt change in the conductivity of the sensor and enhancing the gas-sensing properties of the nanorod-functionalized HEMT. The decrease in current was also reported by Halfaya et al. 35 for their Pt-functionalized AlGaN/GaN NO and NO 2 sensors, Makato et al. 37 for Pd/ZnO/GaN diode NO x sensors, and Tilak et al. 38 for their GaN Schottky diode NO sensors. However, it should be pointed out that inhibition of the catalyst or transducer layer may occur under certain conditions of concentration or temperature and may complicate interpretation in the absence of oxygen which prevents the nitrogeninduced inhibition of the catalyst. 51, 52 In our case, we always used NH 3 with 77% relative humidity as a more realistic gas to sense, and this may have helped avoid some of the complications reported by others. 51 Figure 5 shows the current change in diodes (a) as a function of time at a fixed voltage of 5 V during an exposure to 2 ppm NH 3 at temperatures of 25, 100, 200, and 300
• C and (b) the magnitude of this current change for the different temperatures. The trend of increasing current in the diode is opposite to our previous results for HEMT detection of ammonia, where the decrease in current results from a decrease in mobility of electrons in the 2DEG. The absolute changes in current increases with temperature from 0.23 μA at 25
• C to 10.59 μA at 300
• C. By sharp contrast, the HEMT sensors showed an almost constant absolute current change of 60 μA across this temperature range for the same concentration of NH 3 (2 ppm). Although both the ZnO nanorod functionalized diode and HEMT show a similar range of sensitivity, the dependence of background current level and absolute current change at different temperatures is an important factor to be considered in real-world sensor applications. Figure 6 shows the percentage sensitivity of the diode sensors as a function of applied voltage at different temperatures. The sensitivity was generally higher at higher bias voltages. Since both forward and reverse bias currents change upon NH 3 exposure, either of these modes can be used and the choice of voltage may be determined by power consumption considerations. Figure 7 shows an Arrhenius plot of sensitivity, leading to an activation energy of 0.071 eV for ammonia sensing with the ZnO nanorod-functionalized Schottky diodes. This represents the energy of the rate-limiting step in the formation of a charge depletion layer on the surface of the ZnO due to electron trapping on adsorbed oxygen species and the transfer of the negative charge to the AlGaN surface from the reaction discussed earlier. 
Conclusions
ZnO-nanorod-functionalized AlGaN/GaN Schottky diode sensors detected low concentrations (0.1-2 ppm) of ammonia at temperatures in the range 25-300
• C. In contrast to AlGaN/GaN heterostructure hydrogen sensors functionalized with Pt, the diode current decreased upon ammonia exposure. The mechanism is not due to the diffusion of dissociated hydrogen from NH 3 to the heterointerface, since the barrier height and current change show the opposite sign upon exposure to ammonia versus that with hydrogen. The absolute current change and sensitivity for ammonia exposure increased with measurement temperature, and the response time and recovery time were ∼10 s and 10-65 s at 25-300
• C respectively. The simple fabrication and excellent thermal stability of the ZnO/AlGaN/GaN diodes indicates these have potential for applications like automobile exhaust sensing.
